ABSTRACT: The lipid class compositions of the ctenophores Mertensia ovum and Beröe cucumis were very similar, with polar lipid and wax esters each accounting for 35 to 40% of the total. The fatty acid compositions of the polar lipids in the 2 species were essentially the same, with 22:6n3 and 20:5n3 in a ratio of 2:1 accounting for more than 40% of the total. The fatty acid and fatty alcohol compositions of the wax esters of both species were also essentially the same, with 20:1n9 and 22:1n11 fatty alcohols present in equal amounts accounting for 60% of the total fatty alcohol composition. The fatty acid and fatty alcohol compositions of the wax esters of M. ovum and B. cucumis were averaged and compared, using principal component analyses, to averages derived from published data for the potential prey species: Calanus finmarchicus, C. glacialis, C. hyperboreus, Pseudocalanus acuspes, Acartia longiremis and Metridia longa. The results were consistent with Calanus spp., especially C. glacialis, being the major prey of M. ovum and with M. ovum being the major prey of B. cucumis.
INTRODUCTION
The ctenophores Beröe cucumis and Mertensia ovum are significant predators of other zooplankton species in pelagic food chains. B. cucumis actively seeks prey by a specialised swimming behaviour (Tamm & Tamm 1991) and M. ovum uses its extensive tentacles to entrap and ingest prey. It is well known that species of the genus Beröe feed primarily on other ctenophores and the food chain: copepods -M. ovum or the smaller ctenophore Bolinopsis infundibilum -B. cucumis, is a central feature in Arctic Seas (Zelikman 1972 , Swanberg 1974 , Harbison et al. 1978 , Siferd & Conover 1992 , Falkenhaug 1996 . These studies also showed that the distribution and abundance of M. ovum and B. cucumis were inversely related and it was suggested that M. ovum is the principle prey of B. cucumis or, more correctly, that B. cucumis feeds on and controls the population of M. ovum. Both field studies (Siferd & Conover 1992) and experimental studies (Swanberg & Båmstedt 1991) have demonstrated an opportunistic feeding behaviour of M. ovum. These studies have also shown that the preferred or main prey of M. ovum comprises small (Pseudocalanus acuspes) to large copepods (C. finmarchicus, C. glacialis, C. hyperboreus and Metridia longa). As opposed to M. ovum, B. cucumis probably cannot digest crustaceans and, therefore, rely mostly on other gelatinous plankton (Kamishlov 1960 , Hoeger & Mommsen 1984 , Falkenhaug 1996 . The balance between copepod species, M. ovum (or B. infundibilum) and B. cucumis may have far reaching implications for production at other trophic levels. This applies particularly to high-latitude ecosystems where these ctenophores can be abundant, albeit variably, during late summer and autumn. Cod has been reported to feed on ctenophores in Arctic waters (Boldovsky 1944 , Hansen 1949 ) and may thus be a significant predator on both M. ovum and B. cucumis in the study area. On the other hand, it has been demonstrated that B. infundibilum prey on fish larva (Kamishlov et al. 1958) , which one also might suggest can be the case for M. ovum.
Lipid biomarkers can be used to trace energy and food transfers in marine ecosystems. Such use is based on studies of the lipid class and fatty acid and fatty alcohol compositional profiles of numerous algal and animal species (Sargent & Whittle 1981) , and on the knowledge of the transfer of fatty acids through the food chain from algae to top predators (Falk-Petersen et al. 1990 , 2000a . More recently, fatty acid profiles have been combined with multivariate statistical techniques to investigate the foraging ecology of marine mammals (Iverson 1997a ,b, Grahl-Nielsen & Mjaavatten 1991 , Smith et al. 1997 , Brown et al. 1999 , Dahl et al. 2000 , Kirsch et al. 2000 , Walton et al. 2000 , birds (Raclot et al. 1998 ) and fish (Kirsch et al. 1998) . In the present study, we used principal component analysis (PCA) to assist in the interpretation of synthesised fatty acid and fatty alcohol analytical data from Beröe cucumis, Mertensia ovum and copepods in order to illuminate trophic relationships between these species in Svalbard waters.
We were motivated to undertake this study because information on the feeding ecology of ctenophores in this area is rare. In addition, most previous dietary studies of these ctenophores elsewhere are based on stomach content analysis, which can give biased information due to differences in digestion rates of different prey and to the fact that the information is often extrapolated from a single meal only. By studying the transfer of lipid molecules, we intend to shed light on the important key species in the transfer of energy from phytoplankton to ctenophores. Only one lipid analytical study has previously been conducted on ctenophores (Clarke et al. 1987) , but this study involved the Calanus-Bolinopsis-Beröe food chain and the study concluded that simple statistical analyses of fatty acid and fatty alcohol spectra were of limited value in establishing trophic relationships in pelagic food webs. We will therefore employ advanced multivariate statistics to further improve the methodology that can give us additional knowledge concerning the trophic significance of high Arctic ctenophores.
MATERIALS AND METHODS
The present study was carried out as part of the research programme 'Temporal and spatial variability of the Ice-Ocean system of the ice-edge in the marginal ice zone of the Barents Sea', which is a continuation of the ICE-BAR programme (Falk-Petersen et al. 2000b) , and the 'BIODAFF Programme' in Kongsfjorden. Both programmes have been headed by the Norwegian Polar Institute.
Sampling. Sampling was carried out in Kongsfjorden, Svalbard (78°57' N, 11°50' E ), from 24 August to 22 September 1997. Mertensia ovum and Beröe cucumis were sampled individually from the surface in small beakers, from a small outboard-powered boat. Despite substantial efforts with zooplankton nets and SCUBA diving, individuals of B. infundibilum were not recorded. Individual animals were kept alive in seawater before being transferred into chloroform/ methanol (2:1, v/v) within a few hours of capture at the laboratory in Ny-Ålesund. Samples in chloroform/ methanol were stored at -20°C until analysed.
Lipid analyses. Total lipid was extracted from the samples stored in chloroform/methanol (2:1, v/v) by the method of Folch et al. (1957) , dried under nitrogen and then under vacuum for 24 h, and weighed. The class composition of the total lipid content was measured by quantitative thin-layer-chromatography (TLC) densitometry as described by Olsen & Henderson (1989) . Lipids were eluted from chromatography plates with diethyl ether/hexane (1:1, v/v). Triacylglycerols (TAG) and wax esters (WE) were separated on TLC silica gel plates using hexane/diethyl ether/acetic acid (90:10:1, v/v/v). The resultant lipid classes, as well as total lipid from each sample, were supplemented with a known amount of the fatty acid 21:0 as the internal standard, and transmethylated in methanol containing 1% sulphuric acid with toluene for 16 h at 50°C. The reaction products were extracted into diethyl ether, dried under nitrogen and subjected to TLC in hexane/diethyl ether/acetic acid (70:30:1, v:v:v) to separate fatty acid methyl esters and free fatty alcohols. These were recovered from the plates and the fatty alcohols converted to acetate derivatives by reacting them with acetic anhydride in pyridine (Farquhar 1962) . Fatty acid methyl esters and fatty alcohol acetates were identified and quantified by gas-liquid chromatography, by comparison with the internal standard, as detailed by Scott et al. (1999) .
Data processing. WE consist of fatty acids and fatty alcohols esterified in equimolar amounts. WE ingested by animals are hydrolysed to free fatty acids and free fatty alcohols which are then assimilated. The free fatty alcohols can then be oxidised to free fatty acids and combined with the assimilated free fatty acids to generate TAG. The assimilated free fatty alcohols can also be re-esterified with the assimilated free fatty acids to regenerate WE (see 'Discussion'). Therefore, to assess the relationship between neutral lipid (WE and TAG) ingested by an animal and neutral lipid deposited in the animal, we have processed weight (wt) % composi-tional data for fatty alcohols and fatty acids in WE in order that fatty acids and fatty alcohols are averaged. This was done by first applying molecular weight values to convert the wt % data for fatty alcohol acetates, i.e. wt (g) of a given alcohol acetate per 100 g of total alcohol acetates into mole % data (i.e. moles of a given alcohol acetate per 100 moles of total alcohol acetates). Such mole % data for fatty alcohol acetates were then converted to wt (g) of individual alkyl units per mole of total alkyl units. The same calculations were performed on wt % data for fatty acid methyl esters to give wt (g) of individual acyl units per mole of total acyl units. The sum of the wt (g) of individual alkyl units per mole of total alkyl units + the sum of the wt (g) of individual acyl units per mole of total acyl units is then the average molecular wt (g) of the WE in the sample analysed. Wt (g) of individual alkyl units, e.g. 14:0, 16:1n7 and 20:1n-11, per mole were summed with wt (g) of their corresponding acyl units; they then form the calculated average molecular weight of WE, expressed as 100 g WE to yield wt (%) of combined (alkyl + acyl) individual units. Where the sample of total lipid contained TAG as well as WE, data so obtained for WE were combined with the data obtained in the same way for TAG, in proportion to the known % weights of WE and TAG in total lipid. Such calculations average fatty alcohols and fatty acids in WE and TAG in samples of total lipid. Consequently, compositional data of neutral lipids in predators and prey can be directly compared, irrespective of whether the predator converts either of its dietary neutral lipids (WE and TAG) to the other or it deposits them as such. This is also independent of the extent to which conversions occur.
The foregoing calculations were applied to data for wt % compositions of fatty acids and fatty alcohols obtained: (1) from Mertensia ovum and Beröe cucumis in the present study; (2) from samples of Calanus finmarchicus, C. glacialis and C. hyperboreus sampled in 1997 at the same time and location as the M. ovum and B. cucumis samples were collected (Scott 2000) ; (3) from Acartia longiremis and Pseudocalanus acuspes, both collected in northern Norway in September 1986 (Norrbin et al. 1990 ); and (4) from Metridia longa collected in October 1982, again from northern Norway (Falk-Petersen et al. 1987) . Of potential ctenophore prey, only these 6 species had been analysed for fatty acid/alcohol composition and thus were available to be tested against the ctenophores. The recalculation was only done for fatty acids and alcohols (14:0, 16:0, 18:1, 22:1, etc.) represented with at least 1 value above 0.5%. The reason for not including variables represented with very low amounts in all samples is because the precision of their determination is low and they introduce more noise than real information to the results.
Statistical analyses.
Remaining % values were logtransformed and subjected to principal component analysis (PCA) (Wold 1987 ) using the program package SIRIUS (Kvalheim & Karstang 1987) .
RESULTS
The lipid class compositions of Mertensia ovum and Beröe cucumis were very similar (Table 1) with both species containing major amounts of WE (35% of the total) and minor amounts of TAG (4 to 6% of the total). Free fatty acids (FFA) (12% of the total), sterols (4 to 7% of the total) and partial glycerids (5 to 6% of the total) were also present. We do not know the source of the FFA, although TAG is likely because of the presence also of partial glycerides. The FFA were not analysed. Phospholipids (PL) were also a major lipid component (35 to 39% of the total), being somewhat higher in M. ovum than in B. cucumis, this was offset by somewhat lower levels of sterols and TAG in M. ovum than in B. cucumis.
The dominant fatty acids of the polar lipids (Table 2 ) were the polyunsaturated fatty acids (PUFA) 22:6n3 and 20:5n3 in a ratio of ca 2:1, these were somewhat higher in Beröe cucumis than in Mertensia ovum. Polar lipids 16:0, followed by 14:0, 18:0 and 18:1n9 were also notable components of both species (Table 2) .
TAG is a minor lipid in Beröe cucumis and Mertensia ovum, and sufficient amounts of it were available for analysis only in 1 sample of B. cucumis (Table 3) . The mono-unsaturated fatty acids 20:1n9 (24%) and 22:1n11 (20%) together with 16:1n7 (13%) were the dominant fatty acids in the TAG. Table 3 shows that the fatty acids of the WE of both Beröe cucumis and Mertensia ovum had notably high levels of 18:4n3 (ca 20% of the total). Essentially the same levels of the saturated fatty acids 14:0 (9%) and 16:0 (circa 8%) and the mono-unsaturated fatty acids 18:1n9 (12%), 20:1n9 (8%), 22:1n11 (8%) were present in both species. The fatty alcohols of the WE of both Table 3 were processed, as detailed in the 'Materials and methods', to generate an average wt % composition (Table 4 ). The same was done for published data of wt % compositions of fatty alcohols and fatty acids in the WE of Calanus finmarchicus, C. glacialis and C. hyperboreus (Scott 2000) , Pseudocalanus acuspes and Acartia longiremis (Norrbin et al. 1990) , and M. longa (Falk-Petersen et al. 1987) . Of the species considered, only 1 sample of B. cucumis and P. acuspes had significant levels of both TAG and WE. Therefore, the wt % fatty acid compositional data for TAG were pooled with wt % compositional data for WE fatty alcohols and acids to generate the values in Table 4 . Except for A. longiremis, which has major amounts of TAG and minor amounts of WE in its neutral lipid, all the other species considered in Table 4 SFA 27.7 ± 1.9 29.7 ± 0.7 MUFA 14.7 ± 0.7 17.6 ± 2.1 n6 1.9 ± 0.0 1.7 ± 1.2 n3 52.5 ± 1.9 48.2 ± 2.7 Table 3 . Fatty alcohol and fatty acid compositions (wt % ±SD) of wax esters (WE) and triacylglycerols (TAG) of Beröe cucumis and Mertensia ovum. For WE, data are means of the same samples as in Table 1 . For TAG, data is extracted from 1 sample including 2 specimens of B. cucumis. SFA = saturated fatty acids, MUFA = mono-unsaturated fatty acids their neutral lipid, which is predominantly WE. Therefore, the data in Table 4 are derived from their WE alone. Inspection of the data in Table 4 reveals that the 3 Calanus species are strikingly similar to Mertensia ovum and Beröe cucumis in having high levels of the long-chain entities 20:1n9 and 22:1n11 in their neutral lipids. The other 3 copepod species are characterised by having high levels of the shorter-chain entities 14:0 and 16:0 in addition to high levels of 18:1n9.
The individual sample values of Mertensia ovum and Beröe cucumis that generated the means in Table  4 were taken together with potential prey and evaluated by principal component analysis (PCA) to generate the 3D principal component (PC) and loading plots presented in Fig. 1 . Because of a very low sample:variable ratio (n = 3 for each ctenophore species and n = 1 for each prey while number of variables = 29), the results must be interpreted cautiously. The first 3 PCs extracted were the only ones with eigenvalues > 1. Hence they were retained. In combination, these 3 components explained 93% of the variance in the data set. The PC plot (Fig. 1a) shows high similarity between the M. ovum and B. cucumis samples and does not distinguish between them. Of the potential prey of M. ovum, Calanus glacialis is the most similar to M. ovum, closely followed by C. finmarchicus and C. hyperboreus (spread along PC 2). Metridia longa and the smaller copepod species Acartia longiremis and Pseudocalanus acuspes have less and little similarity with M. ovum (spread along PC 1 and PC 3).
The loading plot demonstrated that 22:1n11, 20:1n9, 18:1n9, 16:0 and 14:0 were the most important moieties for distinguishing between samples along PC 1, whereas 18:4n3, 20:1n7, 22:1n9 and 18.1n9 were most important along PC 2 (Fig. 1b) Table 4 . Averaged fatty acid and fatty alcohols compositions of neutral lipids in Mertensia ovum and Beröe cucumis and in potential prey organisms. Data are presented as wt % and are calculated from wt % compositions of fatty alcohols and fatty acids of wax esters and wt % compositions of fatty acids in triacylglycerols as detailed in the 'Materials and methods'. The latter data are taken from: for M. ovum and B. cucumis, Table 2 ; for Calanus finmarchicus (CV and females), C. glacialis (CIV, V and females) and C. hyperboreus (CV and females), Scott et al. (2000) ; for Pseudocalanus acuspes (CIV and CV) and Acartia longiremis (females), Norrbin et al. (1990) ; for Metridia longa, Falk-Petersen et al. (1987) . ( (>34%) and lowest representation in the small copepods (<1%).
In an attempt to separate the ctenophores, an additional PCA analysis was run on only these samples (results not shown). Based on the extraction of a significant amount of components (eigenvalue > 1), the analysis did not separate the 2 ctenophore species. This amplifies the degree of similarity in moiety composition among these species.
DISCUSSION
In assessing potential animal prey for Beröe cucumis and Mertensia ovum on the basis of fatty acid profiles of their lipids, we have considered only neutral lipids in this study. This is because the fatty acid profiles of animal phospholipids tend to be conserved and relatively independent of dietary input, whereas the profiles of neutral lipids are much more variable and more readily influenced by dietary input (Sargent & Henderson 1995) . The polar lipids (predominantly phospholipids) of B. cucumis and M. ovum are characteristically rich in the long-chain n-3PUFA 20:5n3 and 22:6n3, as is true of marine animals in general, reflecting their basic roles in cell membrane structure and function. The preponderance of 22:6n3 over 20:5n3 found here for the polar lipids of B. cucumis and M. ovum occurs also in the polar lipids of Calanus finmarchicus, C. glacialis and C. hyperboreus (Scott 2000) .
In considering neutral lipids as indicators of predator-prey relationships, a complication is that animals preying on WE-rich prey can either convert their dietary lipids to TAG, as occurs, e.g. in Meganyctiphanes norvegica (Sargent & Falk-Petersen 1981) , or deposit dietary WE as such, as occurs, e.g. in Euchaeta norvegica (Sargent & Henderson 1986) . Therefore, in this study we have averaged given fatty alkyl and fatty acyl units of WE, i.e. units with the same chain lengths, and numbers and positions of double bonds, so treating WE and TAG as one and the same. The compositional data (Table 4) can then be related to neutral lipid in a predator consuming WE, irrespective of whether the predator converts its dietary WE to TAG or deposits them directly as WE.
The 20:1n9 and 22:1n11 units present in very large amounts in calanoid copepods are considered to be formed by de novo biosynthesis from phytoplanktonic precursors. In our present understanding, calanoid copepods are the major if not the only site of the formation of 20:1n9 and 22:1n11 units in the marine food web (Sargent & Henderson 1986) . The data shown here (Table 4) (Table 4) , as these species have essentially an identical lipid class composition with WE predominating (Table 1) . The obvious similarity between the 3 Calanus spp. and M. ovum and B. cucumis in Table 4 is confirmed in the PCA analyses, with the 5 species having similar scores on PC 1 and PC 3 (Fig. 1a) . In contrast, there are few similarities between Metridia longa, Pseudocalanus acuspes and Acartia longiremis, either by inspection of the analytical data in Table 4 or by PCA (Fig. 1a) . M. longa and the small copepod species are quite different from each other, and from the 3 large Calanus copepod species and from M. ovum and B. cucumis. Thus, the data here are entirely consistent with strong predatorprey relationships between the ctenophores and the large Calanus copepods, but not between the ctenophores and the smaller copepods. Unfortunately, we cannot exclude the implication of different years of sampling on moiety composition. Nevertheless, we believe our results are quite robust as we have experienced small year-to-year variations in the moieties (22:1n11, 20:1n9, 18:4n3, 18:1n9, 15 :0 and 14:0) most important for the separation of samples.
The fatty acid/alcohol profiles of Mertensia ovum, Beröe cucumis and the 3 Calanus spp. found here appear to be in accordance with what is well known in the literature, confirming the usefulness of lipid profiles in studying predator-prey relationships. More specifically, the analytical data here supported by PCA classifies M. ovum as being more similar to Calanus glacialis than either C. finmarchicus or C. hyperboreus. Siferd & Conover (1992) found that M. ovum mainly preyed on C. glacialis, C. hyperboreus, Pseudocalanus acuspes and Parathemisto libellula. Our study, however, rules out small copepods such as P. acuspes and Acartia longiremis being an important part of the diet of M. ovum in terms of energy intake. Scott and colleagues (Scott 2000, unpubl. data) showed that C. hyperboreus is the most energy-rich of the 3 calanoid copepods here, followed by C. glacialis and C. finmarchicus. However, C. hyperboreus is not an important species in Kongsfjord in terms of numbers and biomass as compared to the very abundant C. finmarchicus and C. glacialis. Therefore, taking into account both the abundance and the energy content of the 3 Calanus species, C. glacialis is likely the preferred prey for M. ovum in Kongsfjord.
The conservative transfer of fatty acids into neutral lipids in higher trophic levels has been demonstrated by Falk-Petersen et al. (1987 , 1990 . Of the important phytoplankton in polar waters, the diatoms tend to be rich in 20:5n3, 16:1n7 and C16 PUFA but deficient in C18 PUFA. The dinoflagellates tend to be rich in 18:4n3, 18:5n3 and especially 22:6n3, but deficient in 16:1n7. Phaeocystis pouchetii, a species that often dominates the blooms in polar waters, tend to be characterised by this pattern (Sargent et al. 1985 , Hamm et al. 2001 . The synthesised data in Table 4 indicate that diatoms were the dominating food source of Calanus spp. in 1997, and that dinoflagellates and P. pouchetii could not have been an important part of the diet. Although Mertensia ovum is an opportunistic feeder (Swanberg & Båmstedt 1991 , Siferd & Conover 1992 , we can conclude from our analysis that Calanus spp. are the major energy source for this ctenophore as well as for Beröe cucumis. This emphasises the key role of Calanus spp. within Arctic food chains.
The current results based on lipid biochemistry and multivariate statistical methods provide additional supporting evidence that: (1) the 3 Calanus species are the main herbivores in the area studied, feeding mainly on diatoms; (2) Calanus spp. are the prime species for Martensia ovum; and (3) Beröe cucumis feeds heavily on M. ovum.
Calanus species are herbivorous, converting principally carbon which has been fixed in diatoms during the Arctic primary production bloom to large reserves of energy-rich WE. The fact that high levels of WE can be transmitted, with minimal change in their fatty acid and fatty alcohol compositions, to Martensia ovum and hence to Beröe cucumis emphasises the ease and efficiency of energy transmission through the Arctic ecosystem.
